occurred latter than in white matter. The hippocampus also displayed a later onset of preOL maturation in all three strains, such that OL lineage maturation and early myelination was not observed to occur until about P14. This timing of preOL maturation in rat cortical gray matter coincided with a similar timing in human cerebral cortex, where preOL also predominated until at least 8 months after full-term birth. These studies support that strain-specific differences in OL lineage immaturity were present in the early perinatal period at about P2, and they define a narrow window of preterm equivalence with human that diminishes by P5. Later developmental onset of preOL maturation in both cerebral cortex and hippocampus coincides with an extended window of potential vulnerability of the OL lineage to hypoxiaischemia in these gray matter regions.
Introduction
White matter injury (WMI) to the developing cerebrum comprises a spectrum of lesions that predominate in survivors of premature birth and contribute to life-long spastic motor deficits from cerebral palsy as well as cognitive and learning disabilities [Volpe, 2009] . During human brain development, WMI peaks in incidence around 28-32 weeks postconceptional age, has a predilection for periventricular white matter and topographically coincides with regions enriched in late oligodendrocyte (OL) progenitors (preOL) [Haynes et al., 2003; Back et al., 2005; Talos et al., 2006a, b] . PreOL are selectively vulnerable to a spectrum of necrosis and apoptosis via mechanisms that include maturation-dependent susceptibility to oxidative stress, excitotoxicity and inflammatory cytokines [Jensen, 2005; Back, 2006; Volpe, 2008] . The spectrum of acute pathology includes macroscopic cystic or microscopic noncystic necrotic lesions (periventricular leukomalacia) with pancellular degeneration and more diffuse injury that selectively triggers OL lineage degeneration and later disturbances in myelination [Kinney and Armstrong, 2002] .
Analysis of rat models of developmental WMI has been hampered in part by confusion regarding data from different strains of rat. During human brain development, preOL in cerebral white matter are selectively enriched throughout the high-risk period for WMI [Back et al., 2001; Jakovcevski and Zecevic, 2005] . However, the timing of appearance and distribution of preOL relative to later OL stages has not been systematically compared in different strains of rat in either white or gray matter. Thus, we quantified OL lineage maturation in three strains of rat that we and others have studied to define mechanisms of developing cerebral WMI: Sprague-Dawley (SD) [Fan et al., 2008; Segovia et al., 2008] , Long-Evans (LE) [Follett et al., 2004; Manning et al., 2008] and Wistar (W) [Fontaine et al., 2008] . We report distinct strain-related differences in OL lineage maturation that may facilitate future studies relevant to the pathogenesis of WMI in the preterm newborn. We also identify that both the early postnatal rat and human infants display a similar immature pattern of OL lineage maturation in cerebral cortical gray matter.
Materials and Methods

Animals
Timed pregnant litters (culled to 10 pups per litter) of SD, LE and W rats were obtained from Charles River Laboratories (Wilmington, Mass., USA). At birth (postnatal day 0, P0), 20 animals from a minimum of 2 litters, delivered within 18 h of each other, were randomized. For each strain, brains were collected at P2 (n = 5), P3 (n = 3), P5 (n = 5), P7 (n = 5) and P14 (n = 2). There were no significant differences in animal weight among the three strains at each of the ages studied.
Immunohistochemical Methods and Quantification of O4-and O1-Labeled Cells
For each animal, cell counts were obtained from a minimum of three 50-m-thick adjacent sections double-stained with a biotinylated O4 (bO4) and O1 monoclonal antibody (1: 1,000) that were visualized with a -chain-specific fluorescein-conjugated IgM secondary antibody (1: 100; FI-2020, Vector Laboratories, Burlingame, Calif., USA) as previously described [Back et al., 2001] . Mature OL were visualized with the anti-myelin basic protein (MBP) antibody (SMI-99; 1: 1,000; Covance, Berkley, Calif., USA). The nucleus was selected as the smallest countable object and was visualized by immunofluorescent counterstain with Hoechst 33342. Cell profiles that contained a nucleus were counted with a ! 40 objective equipped with a counting grid that was mounted on a Leica DMRA upright fluorescent microscope. At P2, P3, P5 and P7, cells were systematically counted in a minimum of 10 fields in a region that included the corpus callosum, the overlying supracallosal radiation and the external capsule. For comparative analysis of OL development in gray matter structures, we also examined preOL and immature OL maturation in the cerebral cortex at the levels of the midseptal nuclei and the anterior hippocampal formation/anterior nuclei of the thalamus.
Since the O4 antibody labels the entire population of preOL and immature OL, the total population of preOL and immature OL was defined by the number of O4-labeled cells. Immature OL were defined as the number of cells that labeled with the O1 antibody. PreOL were calculated as the difference between total (i.e. O4-labeled) cells and O1-labeled cells.
Human Studies
A series of 5 human cases was analyzed for OL lineage maturation in a standard region of parietal cortex collected at the trigone of the lateral ventricle. These cases were either previously reported by us [Back et al., 2001] or were subsequently collected prospectively from the pediatric autopsy population of the Department of Pathology at Oregon Health and Science University. Tissue was immersed at the time of collection in ice-cold 4% paraformaldehyde in 0.1 M phosphate buffer and stored at 2-4 ° C until the time of analysis, as previously described [Back et al., 2001] . PreOL and immature OL were visualized in tissue sections processed and stained as described above for the rat studies. 'Normalcy' was defined as cases without gross brain pathology and was confirmed by histological data and review of the pertinent clinicopathological history. Only postmortem intervals of less than 24 h were accepted. All cases underwent brain autopsy by review of tissue that was processed for hematoxylin and eosin to permit evaluation by standard histopathologic criteria.
Statistical Analysis
Data are indicated as means 8 standard deviations. Comparisons between multiple groups were determined by one-way ANOVA, and significant differences probed with a post hoc Tukey honestly significant difference test.
Results
OL Lineage Maturation in Cerebral White Matter from LE, SD and W Rat
Most previous studies of rat perinatal WMI analyzed animals that ranged in age between P1 and P7. During this developmental window, the white matter is com-prised of OL progenitors, preOL and immature OL. Since we previously found that OL progenitors are very resistant to hypoxia-ischemia [Back et al., 2002] , we focused our analysis of OL lineage maturation on preOL and immature OL in a region of particular predilection for cerebral injury, the subcortical white matter of the corpus callosum, the overlying supracallosal radiation and the external capsule. We determined the percentages of preOL ( fig. 1 a) and immature OL ( fig. 1 b) in SD, LE and W rats at P2, P5 and P7. In all three strains, preOL predominated at P2 and immature OL were a minor population. OL lineage maturation in the W rat was the least advanced, such that 92.5 8 2.4% of the total O4-labeled cells were preOL. By contrast, maturation was the most advanced in the SD rat at P2, such that 29.1 8 8.5% of the total O4-labeled cells were immature OL.
Despite these strain-specific differences in the rate of preOL maturation in the early perinatal period, all three . Representative photomicrographs at P2 ( c-e ) and P5 ( f-h ) of preOL (red; arrowheads) and immature OL (yellow; arrows) in corpus callosum double-labeled with bO4 (red) and O1 (green).
strains displayed a similar rapid maturation at P5, such that preOL were a minor population and immature OL predominated. Consistent with this rapid progression of OL lineage maturation, all three strains contained more than 80% immature OL at P7 with no significant differences between strains. Thus, over a 5-day span of early white matter maturation, preOL rapidly transitioned from the major to the minor population of OL lineage cells.
Since we have found that the density of preOL in the SD rat contributes to the magnitude of WMI from hypoxia-ischemia between P2 and P7 [Back et al., 2002] , we next determined whether strain-specific differences in preOL and immature OL densities might exist between P2 and P7. PreOL density at P2 was highest in W rats ( fig. 2 a) compared with the SD (p ! 0.05; one-way ANOVA with Tukey's post hoc comparison) and the LE rats (p ! 0.01). However, with white matter maturation at P5 and P7, there was a similarly low density of preOL in all three strains. The density of immature OL at P2 was much lower than of preOL in all three strains ( fig. 2 b) , and the immature OL density was highest in SD rats compared with LE and W rats (p ! 0.01). With white matter maturation at P5 and P7, there was a marked increase in the density of immature OL, with a similar density in all three strains. Despite the similar maturation of immature OL at P5, there were notable differences in the terminal differentiation of mature OL at this age. Numerous MBP-positive mature OL somata were visualized in the midline corpus callosum of W rats ( fig. 3 a) , whereas markedly fewer were visualized in SD and LE rats (not shown). Surprisingly, extensive myelination was also detected in the external capsule of W rats ( fig. 3 b, c) , whereas very few weakly stained MBP-labeled somata were visualized in the SD and LE rats (not shown). At P14, there was a similar pattern of myelination seen in cerebral white matter structures among all the three strains ( fig. 3 d-f ).
OL Lineage Maturation in Cerebral Gray Matter
Although OL lineage maturation appears to occur later in gray matter relative to white matter, strain-related differences have not been studied. We thus determined the relative maturation of preOL between P2 and P14 in two widely studied gray matter structures: the cerebral cortex and the hippocampus. In the SD rat cerebral cortex, between P2 and P7, the majority of cells were labeled with the bO4 antibody ( fig. 4 a-c) , but O1-labeled immature OL were rarely seen ( fig. 4 e-g ). This indicated that almost all bO4-labeled cortical cells were preOL. The timing of immature OL maturation was similar in the LE and W rats (data not shown). At P2, a low number of pre-OL were visualized predominantly in the lower half of the cortex. At P5, P7 and P14 there was a similar progressive expansion of preOL in the cortex, with preOL present within all cortical layers by P14 ( fig. 4 d) . At P7, O1-labeled immature OL were rarely seen, except in deep cortical layers adjacent to the subcortical white matter. By P14, greater numbers of immature OL were present in the lower third of the cortex ( fig. 4 h) in a pattern similar to the advancement of myelination defined by MBP staining ( fig. 3 ).
Within the hippocampus, OL maturation was markedly delayed at P7 relative to adjacent white matter tracts such as the corpus callosum, external capsule and fimbria of the fornix, where extensive early myelination was present ( fig. 5 a) . For all three strains, low numbers of preOL were present in the hippocampus at P5 (not shown). By P7, preOL were visualized throughout the cornu ammonis area (CA)1-CA3 and within the dentate gyrus ( fig. 5 c) , while immature OL were rarely seen ( fig. 5 e) . By P14, robust myelination was present in the white matter tracts adjacent to the hippocampus, as visualized by O4 labeling ( fig. 5 b) and staining for MBP ( fig. 3 g-i) . Within the hippocampus, however, lower levels of MBP expression ( fig. 3 g-i) coincided with the presence of numerous immature OL that labeled with both the O4 ( fig. 5 d) and O1 ( fig. 5 f) antibodies. Myelination within the hippocampus was most pronounced in CA3, with lower levels within CA1 and the dentate gyrus. Hence, all three strains of rat showed a similar pattern of delayed maturation of the OL lineage in the hippocampus relative to adjacent white matter tracts.
OL Lineage Maturation in Human Cerebral Cortex
Given the consistent delay in preOL maturation in all three strains of rat at P14, we determined whether human cerebral cortex also displayed a similar later onset of pre-OL maturation relative to white matter. The parietal cortex and white matter were examined from 5 human brains that ranged in age from 37 postconceptional weeks to 8 months after full-term birth. Figure 6 Color version available online that human preOL predominated in cerebral cortex through 8 months. At 1 month after full-term birth ( fig. 6 a, c) , cerebral cortex contained numerous preOL, despite the fact that early myelination was detected in adjacent subcortical white matter. Immature OL, labeled with the O1 antibody, were not observed (data not shown). At 8 months ( fig. 6 b, d ), the subcortical white matter was heavily myelinated, but preOL were still visualized throughout the full thickness of the cortex. However, both preOL and immature OL were visualized in regions of early myelination at the boundary between cortical layer 6 and the subcortical white matter ( fig. 6 e) . Hence, during infancy in the first year of life, OL lineage maturation was less pronounced in the parietal cortex relative to the white matter.
Discussion
Although perinatal rodents have significant limitations as neuropathological models of human WMI , they have provided powerful access to questions related to cellular and molecular mechanisms of WMI. There is, thus, a critical need to validate existing rat models of WMI to identify the unique and common features provided by different strains of rat. Toward this end, we defined OL lineage maturation in three commonly studied strains of rat. We particularly focused on the human preterm-equivalent window in development when susceptible preOL predominated in each strain. Our major findings were the following: (1) for all three strains, preOL levels were highest in the white matter at P2, with preOL at the highest percentage in W compared with SD and LE rats; (2) at P2, preOL density differed markedly among strains, with the highest found in W rats; (3) maturation of preOL to immature OL occurred rapidly in all three strains, such that by P5, preOL were a minor population in all three strains; (4) mature OL were increased and myelination was advanced at P5 in W relative to SD and LE rats; (5) no major differences in the distribution of myelination were observed among strains at P14, and (6) all three strains showed a similar later onset of OL lineage maturation in the cerebral cortex and hippocampus, such that preOL predominated despite the advance of myelination in adjacent white matter tracts. Of note, there were no obvious differences in size and morphology of preOL or OL between the different strains in either the white matter or the cortex. In all three strains of rat there was a narrow developmental window in the perinatal period when preOL predominated in white matter. This difference in preOL density at P2 suggests that an equivalent hypoxic-ischemic insult could result in greater WMI in W rats because of the higher percentage of preOL and the higher preOL density at P2. By comparison, the SD rat at P2 had the lowest relative percentage of preOL and an intermediate preOL density. Nevertheless, in the SD rat, approximately 70% of total preOL degenerated acutely following hypoxia-ischemia [Back et al., 2002] . Future studies are needed to determine whether differences in preOL density or proportion will translate into equivalent differences in susceptibility to hypoxia-ischemia. It is also possible that differences in a variety of intrinsic or extrinsic factors may influence preOL susceptibility in each strain of rat. Such intrinsic factors might include strain-related differences in antioxidant defenses, expression of glutamate receptor subtypes, and the balance of necrotic versus apoptotic machinery activated in response to injury. Expression of glutamate receptor subunit 4 on OL lineage cells, for example, occurs earlier in the SD rat compared with the LE rat, and in LE rats, the period of highest white matter susceptibility (P6) coincided with the highest expression of glutamate receptors on preOL, which peaked at this time [Talos et al., 2006a] . Such extrinsic factors might include differences in regulation of global cerebral blood flow and microcirculation via the neurovascular unit as well as differences in mobilization/activation of microglia and astrocytes in response to initial injury.
Given the wide variety of distinctly different rat models of WMI that have been developed in different strains of rat, direct comparison between models is currently dif- ficult. These models include perinatal exposure to hypoxia-ischemia, hypoxia, hyperoxia, endotoxin, cytotoxic cytokines, glutamate receptor agonists, malnutrition, toxins and other insults related to intrauterine growth retardation [Hagberg et al., 2002] . Comparison of these models would be facilitated by more standardized approaches to the neuropathological analysis of WMI. During the early phase of injury, one neuropathological index for comparison between strains and models is preOL degeneration. PreOL appear to be the major cell type that degenerates acutely in white matter in response to hypoxia-ischemia and lipopolysaccharide [Back et al., 2002; Lehnardt et al., 2002; Cai et al., 2003 ], but this notion may require revision as more sensitive injury markers become available for axons and other glial cell types. During the delayed phase of injury, preOL display a robust regenerative response that could also serve as a useful endpoint for comparison between strains. Even with massive acute preOL degeneration, both OL progenitors and preOL increase in density severalfold within days after a hypoxic-ischemic insult in the rat [Segovia et al., 2008] . During this delayed phase of injury, preOLbut not OL progenitors -undergo delayed apoptosis. Despite this ongoing preOL apoptosis, there is a net increase in total preOL due to a state of maturation arrest where preOL fail to differentiate and initiate myelination despite intact axons.
In order to comprehensively compare mechanisms of myelination failure between rat strains or models, analysis should include quantification of preOL and the extent of astrogliosis and visualization of the population of axons potentially available for myelination. The latter is important because extensive neuronal injury to rat cortical and subcortical gray matter structures may be accompanied by axon dysfunction and secondary myelination failure that is distinct from the myelination disturbances in human periventricular WMI. Current human neuropathological studies do not support that myelination failure in cerebral white matter primarily arises from neuronal degeneration in cortical or subcortical gray matter structures. However, WMI in preterm human survivors appears to be accompanied by a variable degree of neuronal loss or dysfunction, which is suspected to contribute to the cognitive and learning disabilities that are extremely common in school-age children diagnosed with the encephalopathy of prematurity [Volpe, 2009] .
Regardless of the strain of rat analyzed, white matter maturation occurred rapidly by P5-P7, such that immature OL predominated. Thus, if WMI is sustained later in the first developmental week, it is likely to occur by mechanisms distinct from that at P2, when preOL are the primary susceptible cell type in white matter, as in human cerebral white matter in the premature infant [Back et al., 2001] . In the SD rat at P7, a reduction in WMI coincided with greater resistance of immature OL to cell death from hypoxia-ischemia [Back et al., 2002] . In fact, both OL and early myelin sheaths stained more intensely for immature OL markers, which is consistent with a reactive oligodendroglial response. If disturbances in myelination are observed in response to injury during the immature OLpredominant window, this may be related to delayed immature OL degeneration, possibly in concert with failure of OL progenitors to generate a new preOL pool within lesions with chronic astrogliosis. However, such a mechanism has not been reported to date. Alternatively, it may be related to secondary neuroaxonal degeneration, which is commonly observed, for example, in response to hypoxia-ischemia at P7 [Vannucci et al., 1999] .
Clinical Correlations
Given the heterogeneity in human cerebral maturation, there is a broad potential window when human white matter may be susceptible to injury. Epidemiological, neuropathological and neuroradiological studies support the highest incidence of preterm cerebral WMI occurs between about 23 weeks and 32 weeks gestation. Lesions have a particular predilection for frontal and parietal periventricular white matter, which appears related to the presence of a high density of preOL and a relatively lower density and proportion of immature OL and myelin [Back et al., 2001; Riddle et al., 2006; Talos et al., 2006b] . As early as P2, all three strains of rat had pretermequivalent features of OL lineage maturation that were similar to human cerebral white matter during the highrisk period for WMI. Moreover, white matter matures rapidly by P5-P7, such that the relative proportions of preOL and immature OL reverse with predominance of the latter. Our data are thus consistent with those from prior studies that support the near-term equivalence of the rat cerebrum by P7 [Vannucci et al., 1999] .
There is little information regarding the timing of OL lineage maturation in cerebral gray matter in the neonatal rat relative to human in the first year of life. Although preOL are the major OL lineage stage present in preterm human parietal cortex [Back et al., 2001] , maturation of the OL lineage in human cerebral cortex at term or later has not been systematically studied. Our study supports that maturation of the OL lineage occurred more slowly in unmyelinated regions of the cortex relative to subjacent white matter. Similarly, all three strains of rat showed a less mature pattern of OL lineage maturation in P14 cortex relative to adjacent white matter. This persistence of cortical preOL suggests that these cells may be vulnerable to hypoxic-ischemic lesions at P7. In fact, in the SD rat, significant acute degeneration of preOL occurred in the cerebral cortex despite a decline in white matter vulnerability at P7. WMI in preterm human survivors appears to be accompanied by a variable degree of delayed neuronal loss or dysfunction, which is suspected to contribute to the cognitive and learning disabilities that are extremely common in school-age children diagnosed with the encephalopathy of prematurity [Volpe, 2009] . Future studies are needed to determine whether preOL degeneration in human cerebral gray matter occurs and contributes to long-term cerebral dysfunction.
